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a b s t r a c t

The binding of Eu(III) to a biosorbent derived from cultured cells of the plant Datura innoxia, have
been investigated through elucidation of apparent affinity constants associated with different chemi-
cal environments present on the cell wall. Adsorption isotherms for separate types of binding sites were
generated using metal ion luminescence measurements. Application of regularized regression analysis
to these isotherm data for four chemically distinguishable sites revealed the presence of sites exhibit-
ing both low (mean log K = −0.3 to 0.6) and higher (mean log K = 3.2–3.5) apparent affinities for pH
eywords:
atura innoxia
etal ion binding

iosorption
inding affinities

app app

conditions of 2.0, 4.0, and 5.0. Low affinity sites were observed for all pH conditions and attributed to
non-specific binding of the metal ions to the negatively charged biomaterial. The pH-dependent higher
affinity sites are ascribed to specific sites involving either an ion-exchange mechanism or formation of
weak surface–metal ion complexes. These results differed significantly from a similar analysis of total
metal binding isotherms that indicated mean log Kapp values of −0.5 to 0.25 (low affinity) and 5.6–6.0

(high affinity).

. Introduction

Use of biological materials for the removal of heavy metals
rom contaminated water provides many advantages relative to
ynthetic sorbents [1,2]. Many of the characteristics of these mate-
ials can be ascribed to the diversity of chemical binding sites
ound on such biosorbents [3]. However, this chemical heterogene-
ty provides the greatest barrier to the implementation of these

aterials in treatment and remediation systems [4]. An incom-
lete understanding of the chemical characteristics of these varied
etal binding sites limits the predictability of metal ion biosorption

ependence on solution pH and salinity [1,5].
Chemical heterogeneity of binding sites is an inherent charac-

eristic of biomaterials that can result from either the existence of
ultiple binding functionalities or the presence of specific func-

ionalities in various molecular environments. Amino, sulfhydryl,
arboxyl, carbonyl, phosphate, sulfate, phenolic, and amide moi-
ties have all been suggested as possible functionalities involved
n metal ion binding [6,7]. However, recent work has indicated the
redominate involvement of oxo-type moieties including carboxy-

ates, sulfonates, and phosphates [1].

Spectroscopic tools have been used to identify the responsible

hemical functional groups. These have included nuclear magnetic
esonance (NMR) [8,9], X-rays absorption techniques (e.g., near
dge absorption and extended absorption fine structure) [10,11],
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and metal luminescence [4]. Unfortunately, these techniques have
been limited to spatial averaging of the varied metal ion binding
chemistries involved with these heterogeneous materials. Eu(III)
luminescence enabled to identification of four chemically distin-
guishable binding environments on a biomaterial derived from the
plant Datura innoxia [4]. Unfortunately, quantitative contribution
of each environment was not possible using their experimental
configuration.

Other work has been directed toward understanding the inter-
actions of metal binding to each biomaterial [12]. Such studies
involved the analysis [13] or modeling [14,15] of adsorption
isotherms derived from the total amounts of metal ion bound to
the material with varied solution conditions (i.e., initial metal con-
centration and solution pH).

Borkovec and co-workers [16] have described the use of regular-
ized least-square methods to obtain affinity distribution functions
for the interaction between metal ions and heterogeneous sor-
bents. Regularized least-square methods were employed to resolve
problems (such as instability) associated with many proposed
approaches.

The program (QUASI) developed by those researchers is based
on this algorithm and previously was used for the extraction of
affinity distribution of Pb2+ ions to immobilized D. innoxia cul-
tured cell fragments [17]. Effects of solution conditions such as ionic

strength and pH on the resulting affinity distributions were studied.
Involvement of both high apparent affinity (mean log Kapp = ∼5.3)
and low apparent affinity sites (mean log Kapp = ∼2.5). These were
reported to result from either surface complexes or ion-exchange
processes, respectively. Unfortunately, that study was limited to

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:garayson@nmsu.edu
dx.doi.org/10.1016/j.jhazmat.2009.08.102
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D. innoxia material was addressed by the incorporation of time-
gating PMT electronics (model C1392-56, Hamamatsu Corp.) and
using a 15 �s delay (Digital Delay Generator, model 7010, Berke-
ley Nucleonics Corp., Berkeley, CA) relative to the incident laser
pulse detected by PMTref (Fig. 1). This enabled the decay of the

Fig. 1. Schematic representation of experimental configuration. Output from an
Nd:YAG laser undergoes second harmonic generation (SHG) to pump a dye laser.
This is directed onto the sample using a series of turning mirrors (M1, M2, and M3)
and is focused using lens L1. Emitted radiation is collimated by lens L2 and focused
10 D.D. Serna et al. / Journal of Haz

nvestigation of the total amount of metal ion bound. The present
tudy extends the application of this approach to enable spectro-
copic resolution of Eu(III) binding environments.

Specifically, the mechanisms of metal ion sorption to a biosor-
ent derived from cultured anther cells from D. innoxia have been

nvestigated [4]. Eu(III) luminescence spectroscopy has enabled the
dentification of four chemically different binding sites involving
arboxylate and sulfate functionalities with on class of sites involv-
ng the polysaccharide structure of the cell wall [18]. However, the
nability of the laser excitation source used in those earlier studies
o optically saturate the 5D0 excited state of the Eu(III) enabled only
ualitative interpretation of the data.

Attainment of optical saturation of the Eu-5D0 excited state
ithin the present study enables quantification of metal binding to

ach site-type. Determination of the amount of metal bound under
aried solution pH enabled, for the first time, generation of pH-
ependent affinity spectra for each Eu(III) metal ion binding site on
he D. innoxia biomaterial.

. Experimental

.1. Sample preparation

The D. innoxia biosorbent used in these studies consisted of lysed
ells from the anther (flower) of the plant. These cultured cells were
elected to minimize tissue variability. Growth conditions have
een described elsewhere [18]. Briefly, this involved development

n a Gamborg’s 1B5 medium supplemented with vitamins [19]. Fol-
owing harvesting, the cells were lysed in an ethanol solution and
ried. Native metals associated with the material were removed by
ashing in a 1.0 M HCl solution [20]. Dried cell wall fragments were

hen ground and the <200 mesh size fraction (<127 �m) collected
or future study.

Metal solutions were prepared by serial dilution of either a
000 ppm or 1.0 M stock solution. The stock solutions were pre-
ared by dissolution of Eu2O3 (Aldrich, 99.99%) in dilute HNO3
1.0 M). Subsequent metal ion solutions were prepared in solutions
f the sodium form of a 0.1 M 2-(N-morpholino) ethanesulfonic
cid (MES). This salt was included to control the ionic strength
f each solution without introducing a potential complexing lig-
nd [21]. Solution pH was adjusted through drop-wise addition of
ither concentrated HCl or a saturated solution of NaOH using a pH
ombination electrode (Orion, model 710A).

Individual samples were prepared by weighing out triplicate
0 mg samples of the biomaterial into separate 3.5 mL polypropy-

ene test tubes for each condition of solution pH (2.0, 4.0, or 5.0)
nd metal ion concentrations (5, 10, 20, 50, and 100 ppm and 5.0,
0.0, 20.0, 50.0 and 100.0 mM). A total of 3.0 mL of each respective
olution was added to each sample and an equal volume added to
n empty test tube as a control. The pH of each solution was then
easured and recorded.
Both samples and controls were placed on a rocker for 1 h

nd centrifuged (Sorvall, GLC-2B) at 3000 rpm for 30 min. Result-
ng supernatant solutions were decanted for analysis. Remaining
iomaterial pellets were freeze-dried. A 10.0 mg portion of each
ample was encapsulated within a glass matrix consisting of 150 mg
Br.

The amount of europium bound to each biomaterial sample was
alculated using Eq. (2)

Eu = (CcVc − CsVs)
(1)
ms

here Cc and Cs are the measured equilibrium europium molar
oncentrations in the control and sample solutions, respectively.
upernatant and control solutions were analyzed by inductively
oupled plasma atomic emission (ICP-AES, PerkinElmer, model
Materials 173 (2010) 409–414

Optima 4300DV-Dual View, Norwalk, CT). The variables Vc and Vs

represent the volumes for the respective solutions and ms is the
mass of biomaterial.

2.2. Luminescence measurements

The local chemical environments of the bound Eu(III) were
probed using laser-excited luminescence [18]. Fig. 1 depicts a
schematic of the instrumentation used. This configuration has been
described previously [18] with significant differences. This involved
use of a relatively high fluence Nd:YAG-pumped dye laser system
(Quanta-Ray, models DCR and PDL-1, respectively) rather than a N2
laser-pumped dye laser assembly as the scanned excitation source
[18]. This laser system enabled the optical saturation of the 5D0
excited-state of the bound Eu(III). Relaxation of the excited metal
ions to the 7F2 state was monitored at 615.00 nm. Using an opti-
cal configuration described elsewhere [22], the emitted radiation
was isolated using a 1.0 m focal length monochromator (McPher-
son Instruments, model 2051) and detected with a photomultiplier
tube (PMTsig, Hamamatsu Corp., model R955).

The average radiant energy of the ∼10 ns dye laser pulses was
measured to be 450 �J pulse−1 using an energy meter (model
Rj-7100, Laser Precision Corp., Utica, NY). A condition of optical
saturation of the excited state was confirmed by recording the
measured luminescence intensity while systematically attenuat-
ing the incident beam intensity by the use of neutral density filters
of increasing optical density. Optical saturation of the 5D0 state
of the Eu(III) bound to the biomaterial was experimentally veri-
fied.

Native luminescence arising from molecular species within the
on the entrance slit of the monochromator using L3. Light is detected using a pho-
tomultiplier tube, PMTsig, that is gated with the output of a delayed pulse generator
(DPG) that is triggered by the signal from the reference PMT (PMTref). Reference and
signal magnitudes are further processed using boxcar gated integrators (REF and
SIG). Both data acquisition and scanning of the excitation wavelength are controlled
by a personal computer (PC), using a scan controlling stepper motor, SCAN.
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tion of the regularized regression analysis of the isotherms shown
in Fig. 2A, as described above. Two classes of binding environments
were revealed. Similar to those described by Lin, et al. for Pb2+ bind-
ing [17], the collection of high affinity sites could be attributed to
the formation of a surface–metal complex while the low affinity
D.D. Serna et al. / Journal of Haz

hort-lived native luminescence prior to the detection of the Eu(III)
uminescence (� ≥ 100 �s) [18].

.3. Data analysis

Luminescence excitation spectra. Because of the non-degeneracy
f both the ground (7F0) and excited (5D0) states of Eu(III), varia-
ion in the local chemical environment of the metal binding sites
esults in shifts of single Lorentzian spectral lines [19]. The presence
f multiple binding environments then produces multiple features
ithin the measured excitation spectral envelop [18]. Mathe-
atical deconvolution of features has been shown to enable the

dentification of those chemical environments upon comparison
ith spectra of model metal–ligand systems [18]. Under condi-

ions of optical saturation of the 5D0 state, it was possible to relate
he respective areas of these deconvoluted peaks to the amount of

etal ion bound to each site based on mass balance calculations of
he total metal bound under each condition.

Deconvolution of the measured 5D0 excitation spectra was
chieved through the application of a Levenberg–Marquardt algo-
ithm with GRAMS-3D (Galactic Industries Corp., Salem, NH).
arlier investigations of Eu(III) binding to this biomaterial reported
he involvement of as many as four distinct binding environments
18]. Deconvolution of the present spectra was thus limited to these
ame spectral components. Curve-fitting parameters included: (1)
he location of each peak maximum, (2) the magnitude of each peak,
nd (3) the relative amounts of Gaussian and Lorentzian character
iven to the shape of each peak (theoretically, each peak should
xhibit a Lorentzian line shape [19]). Every effort was made to
liminate operator bias during data analysis.

As mentioned above, affinity distributions were determined
rom the Eu(III) ion binding isotherms using the program QUASI.
his program has been described elsewhere [16]. The program
UASI includes assumptions of 1:1, metal ion:ligand site, com-
lex formation, the presence of stoichiometric ratios, Langmuirian
inding behavior for each site, and a linear superposition of local

sotherms comprising the total sorption isotherm. A major con-
traint within the program disallowed negative site concentrations.
hree regularizing functions were used including smoothness,
small number of sites, and maximum entropy. A smoothness

egularizing function enabled calculation of continuous affinity
istributions. The constraint of a small number of sites was also
mployed to generate the minimum number of sites required to
dequately describe the system. Application of regularized meth-
ds minimizes instabilities in the resulting distributions.

Typical parameters of QUASI used in this study included a “spec-
ral” window of log Kapp = −2.0 to 5.0, a grid spacing of 0.03, and the
egularization parameter 1. The non-negative site constraint and
he smoothness regularizing function were employed. No constant
r linear isotherm was applied [16].

. Results and discussion

Fig. 2A shows the binding isotherms for total metal binding to
he D. innoxia material under solution conditions of pH 2.0, 4.0, and
.0. Readily visible are several regions of metal binding. At high
etal ion concentrations, the amount of metal bound varied lin-

arly with the remaining equilibrium solution concentration. This
ehavior is consistent with non-specific electrostatic attraction of
he positive metal cations to a negatively charged material under

onditions of high metal ion concentration (i.e., 20–80 mM). This
nterpretation can be supported by considering the following reac-
ion to describe such an interaction:

3+ + Chn− � MCh(n−3)− (2)
Materials 173 (2010) 409–414 411

where Chn− represents the presence of non-specific charges near
the surface of the biosorbent and MCh(n−3)− the metal ion associ-
ated with the biomaterial by electrostatic attraction. This can be
described by the equation:

Kes = [MCh(n−3)−]

[M3+][Chn−]
= qM

[M3+]eq[Chn−]
(3)

where the amount of bound metal ion, qM, is defined as the moles
of metal ion bound per gram of biomaterial. If the number density
of non-specific charges is a function of the material and therefore
constant for a given biomaterial, Eq. (4) can be rewritten as:

qM = [M3+]eq(Kes[Chn−]) (4)

This would then be predicted to yield a linear relationship
between the measured quantities of qM and [M3+]eq, such as is
shown in Fig. 2A.

Observed increased binding by this mechanism at pH 2 may
result from a removal of surface charged functionalities by
increased protonation of weak acid moieties (e.g., carboxylates).
Two additional regions were also observed for lower concen-
trations exhibiting the more conventional, non-linear behavior
(Fig. 2A). These isotherms suggest the presence of high affinity
sites that appear to experience saturation with increased metal ion
concentration.

The affinity spectra shown in Fig. 2B correspond to the applica-
Fig. 2. (A) Binding isotherms for europium ions to Datura innoxia biosorbent and
(B) the corresponding affinity spectra at solution pH values of 2.0 (�), 4.0 (�), and
5.0 (�).
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Review of the results illustrated in Fig. 3 reveals several trends.

For all conditions, the peak for site 1 was observed as a broad, more
Gaussian peak of lower relative intensity. This could be indicative
of an ensemble of chemically similar sites resulting in an increase
ig. 3. Excitation spectra for Eu(III) bound to Datura innoxia when exposed to a
0 mM solution of Eu(III) (�) under pH conditions of (A) 2.0, (B) 4.0, and (C) 5.0.
econvolved peaks assigned to binding to sites 1 through 4 with their sum.

ites to metal ion binding by an ion-exchange process. However,
in et al. [17] observed the apparent affinity constant for their
on-exchange sites to remain relatively constant with solution pH.
hese results indicate a measurable dependence of the calculated
pparent affinity constants on solution pH. A pH-dependence of the
app was earlier attributed to metal complex formation, a conclu-

ion that appeared to be inconsistent with lower apparent affinities.
dditionally, the magnitudes of apparent affinities for these sites
re significantly lower than those reported by Lin et al. for lead
on-exchange binding sites [17]. Clearly additional investigation of
u(III) binding to this material was required.
Materials 173 (2010) 409–414

Representative average excitation spectra for Eu(II) bound to the
D. innoxia biosorbent for an initial metal ion concentration of 50 mM
at each solution pH (2.0, 4.0, and 5.0) are shown in Fig. 3. Also shown
are the four individual peaks resulting from the deconvolution of
each spectral envelope. Although the locations of the individual
spectral components were not defined prior to peak deconvolu-
tion, the resulting features exhibited marked similarities (Fig. 3).
This provided increased confidence in the assignment of each com-
ponent to separate metal ion binding sites present on the D. innoxia
Fig. 4. Affinity spectra derived from binding isotherms generated from deconvolved
excitation peak areas for site 1 (�), site 2 (�), site 3 (�), and site 4 (�) under solution
conditions of pH 2 (A), pH 4 (B), and pH 5 (C).
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Fig. 5. Affinity spectra derived from binding isotherms generated from deconvolved
excitation peak areas under solution conditions of pH 2 (�), pH 4 (�), and pH 5 (�)
for site 1 (A), site 2 (B), site 3 (C), and site 4 (D).
Materials 173 (2010) 409–414 413

in the energy of the excited state of the metal ion [17]. It should be
noted that binding conditions of pH 5.0 and an initial metal con-
centration of only 5 mM revealed only a single site corresponding
to site 3.

Relating the relative areas of each resulting peak to the total
integral of the excitation spectrum, indicative of the total amount
of Eu(III) present within each sample, adsorption isotherms could
be generated for each site-type. These isotherm data were then
subjected to regularized regression analysis using the computer
program, QUASI, described above. Figs. 4 and 5 show the result-
ing affinity spectra for each solution pH (Fig. 4) and each site-type
(Fig. 5). At each pH, sites exhibiting a broad distribution (i.e.,
approximately two orders of magnitude) of low affinity sites. In
comparison, the higher pH conditions (i.e., 4 and 5) revealed sites
with higher affinities while the more acidic solution indicated the
presence of site-types with lower affinities. Variation in apparent
affinities of the biosorbed Eu(III) metal ions could be indicative
of differences in binding mechanisms ranging from non-specific
electrostatic attraction to the cell wall material to ion-exchange
processes [17,23], to the formation of surface–metal complexes.
This interpretation is consistent with the metal ion binding behav-
ior observed for total metal binding (Fig. 2A). For the purpose of
discussion, these mechanisms will be referred to as electrostatic,
ion-exchange, and complexation.

Presentation of these same results in Fig. 5 as functions of solu-
tion pH for each site-type enables better examination of the impact
of solution pH. Electrostatic sites were only observed for sites 1 and
2 at the most acid pH (Fig. 5A and B). This could be explained by

the protonation of charged surface sites enabling sub-surface neg-
ative charges to dominate metal ion attraction. All four site-types
exhibited ion-exchange metal binding of solution pH condition of
4 and 5 and all but site 3 showed a contribution of complexation
sites under these same conditions.

Fig. 6. Total affinity spectra for solution pH conditions of 2 (�), 4 (�), and 5 (�)
derived from the summation of site-specific results shown in Figs. 4 and 5 (A) with
an expanded scale for clarification (B).
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If analysis of total metal ion binding isotherm data provides an
ccurate indication of binding to this chemically heterogeneous
aterial, summation of the site densities for all site-types as a func-

ion of the apparent affinities should result in an affinity spectrum
imilar to that shown in Fig. 2B. Fig. 6 shows such a compilation
f site densities. Readily apparent are several notable differences.
irst is the absence of an indication of the impact of electrostatic
ites, although a distribution of sites with lower apparent affini-
ies was observed for pH 2 (Fig. 2B). Second is an apparent shift
n binding affinity for both ion-exchange and complexation sites.
inally, analysis of total binding isotherm data revealed apparent
ffinities three orders of magnitude greater than those observed
rom site-specific isotherms.

. Conclusions

Metal ion affinity spectra for Eu(III) binding to chemically dis-
inct sties on a D. innoxia cell wall biosorbent have been generated.
hey have revealed significant differences when such sites are con-
idered and independently compared to a similar analysis of total
etal ion binding data. Each of three types of metal–biosorbent

nteraction has been proposed and includes non-specific electro-
tatic attractions, ion-exchange processes, and the formation of
urface complexes. Efforts to reconstruct total metal binding affin-
ty spectra have indicated the use of such measurements may yield
skewed interpretation of metal binding interactions.
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